ABSTRACT: The increasing incidence of bacterial infection and the appearance of Staphylococcus aureus (S. aureus) strains that are resistant to commonly used antibiotics has made it important to develop non-antibiotic approaches for infection prevention. The aim of this study was to develop local monocyte chemoattractant protein-1 (MCP-1) and interleukin-12 p70 (IL-12 p70) therapies to prevent S. aureus infection by enhancing the recruitment and activation of macrophages, which are believed to play an important role in infection prevention as the first line of defense against invading pathogens. Nanocoating systems for MCP-1 and IL-12 p70 deliveries were prepared, and their release characteristics desirable for infection prevention in open fractures were explored. Local MCP-1 therapy reduced S. aureus infection and influenced white blood cell populations, and local IL-12 p70 treatment had a more profound effect on preventing S. aureus infection. No synergistic relationship in decreasing S. aureus infection was observed when MCP-1 and IL-12 p70 treatments were combined. This reported new approach may reduce antibiotic use and antibiotic resistance. ß
Open fracture-associated infection is a significant clinical complication affecting millions of people annually. Due to bacterial contamination and severe soft tissue damage, open fractures usually have high infection rates: Gustilo type I, 0%-2%; type II, 2%-10%; type IIIA, 7%; type IIIB, 10%-50%; and type IIIC, 25%-50%. 1 Open fracture-associated infection has also attracted military attention; more than half of the injuries in Iraq and Afghanistan are orthopedic injuries, and 2%-15% of combat-related extremity injuries develop osteomyelitis, despite advances in sanitation and hygiene practices. 2 The current primary approach for treating open fracture-associated infection or osteomyelitis is systemic antibiotic therapy, which has drawbacks such as systemic toxicity and poor penetration into ischemic or necrotic tissues. Due to extensive use of antibiotics, more and more bacteria are becoming drug resistant, and antibiotic resistance has become a worldwide issue. 3, 4 Also, bacteria such as S. aureus can invade human cells including osteoblasts and leukocytes, 5, 6 and undergo phenotypic changes that could lead to bacterial survival within infected cells. Therefore, in today's era of emerging multidrug-resistant bacteria and increasing numbers of infections in contaminated war and civil traumas, the development of advanced strategies other than antibiotic therapies to prevent and treat infections is important.
Macrophages constitute the primary line of innate defense against most bacterial pathogens, 7, 8 and they play an essential role in cell-mediated immune response against bacterial infection. 7 Their role in host defense is particularly important early in the host-pathogen encounter, when specific immunity has not yet developed. 9 Activated macrophages play a significant role in wound healing and damaged tissue repair, 10, 11 and local injection of activated macrophages significantly reduces the mortality of infected patients. 12 Macrophages are found in all tissues, and they detect infectious organisms via a plethora of receptors, phagocytose them, and orchestrate an appropriate host response. To perform these functions, macrophages must be recruited to a wound site; the preferential infiltration of monocytes and macrophages into wounds likely depends on a local chemoattractant gradient that favors their infiltration. 13 MCP-1 is among the most potent macrophage-recruiting chemokines, 14 and is essential for monocyte and macrophage recruitment; 15 mice deficient in MCP-1 had reduced wound macrophages. 13 Mice lacking the MCP-1 receptor, CCR2, could not recruit macrophages to the inflamed peritoneum and were unable to clear bacterial infection. 16 Meanwhile, IL-12 p70 (usually designated as IL-12), a heterodimeric cytokine (p35þp40), is a potent inducer of interferon g (IFN-g) production; IFN-g can stimulate the bactericidal activity of macrophages. 17 Moreover, a reduced level of IL-12 is accompanied by decreased resistance to infection. 18, 19 Therefore, through local application of MCP-1 and/or IL-12 p70, more macrophages may be recruited and activated and become more potent in killing bacterial pathogens, thereby preventing infection. Our objective was to develop new approaches to enhance the body's natural defense systems to combat pathogens, thereby enhancing resistance to infection. We studied S. aureus, a prototypical gram-positive microorganism and an important cause of lifethreatening bacterial infections. 20 We hypothesized that local MCP-1 and IL-12 p70 therapies would lead to altered infection rates in S. aureus-contaminated open fractures. We developed MCP-1 and IL-12 p70 nanocoatings on orthopedic implants and determined their release characteristics. We also evaluated the infection rates among rats with MCP-1 and IL-12 p70-coated implants, using an open fracture infection model, and studied the systemic responses and gene expression in muscle tissue. In addition, the effect of a combination of MCP-1 and IL-12 p70 was investigated.
MATERIALS AND METHODS
MCP-1 and IL-12 p70 Nanocoating Preparation and Their In Vitro Release MCP-1 and IL-12 p70 nanocoatings were prepared on stainless steel Kirschner wires (K-wires) using electrostatic layerby-layer self-assembly nanotechnology, and their release was studied (MCP-1 and IL-12 p70 quantities are shown in Table 1 ; for details, see Supplementary Materials). The thickness of the nanocoatings was examined under scanning electron microscopy (SEM) after scratches were made through the coatings. The stability of the nanocoatings was evaluated in an open fracture rat model by comparing the thickness of the coating before implantation and after explantation.
Animals and Operative Procedures
Approval for in vivo studies was obtained from our Institutional Animal Care and Use Committee. Thirty-six male Sprague-Dawley rats were used. The hindlimb to be fractured was shaved. A setup (Fig. 1a ) was used to produce an open midshaft femur fracture. The thigh was incised through a lateral approach, and the fracture ends were exposed. The rats were infected by injecting 100 mL of bacterial suspension containing 10 2 CFU/0.1 mL S. aureus with a sterile pipette directly at the fracture site (Fig. 1b) . The bacterial concentration resulted in 90%-100% infection in our previous studies. The fracture was left open for 1 h to mimic the ''golden hour'' of a trauma patient. The fracture was fixed (Figs. 1c, d ) using a K-wire as an intramedullary nail. The protruding portion of the K-wire was cut off, and the incision closed (Fig. 1e) . A postoperative radiograph verified placement of the K-wire and fracture fixation (Fig. 1f) . After 21 days, the animals were euthanized.
Quantitative Culturing of Tissue Homogenates S. aureus was provided by West Virginia University Hospital Clinical Laboratory; it was a clinical isolate from an operative wound infection. Infection rates were determined by culturing bone tissue homogenates. 21, 22 Briefly, the surgical femur was excised postmortem and, for each specimen, about 500 mg of femur was homogenized in brain heart infusion (BHI) broth; the ratio was kept at 100 mg of bone to 1 mL of broth. Then, 0.1 mL of homogenized broth was plated and cultured at 378C for 48 h. Infection was defined as the presence of >2-5 bacterial colonies per plate (corresponding to 200-500 CFU/ gm of tissue); most infected rats had numerous colonies.
Body Weight Measurements, Complete Blood Counting, Flow Cytometry, and Serum Cytokine Evaluation Rat body weights were determined before fracture and at euthanasia. Upon euthanasia, blood samples ($8 mL) were collected; 0.5 mL was analyzed for complete blood cell count. Two milliliters of the blood were collected for flow cytometry analysis, where cells were labeled with purified anti-rat mononuclear phagocyte antibody (1C7), followed by Cy-5 labeled goat anti-mouse IgG and FITC labeled anti-rat MHC class II (OX-6). The remaining blood sample was centrifuged twice to extract serum for Enzyme-linked immunosorbent assay (ELISA) tests.
Real Time-Polymerase Chain Reaction (RT-PCR)
The local mRNA levels of proinflammatory cytokines (IFN-g, tissue necrosis factor a, i.e., TNF-a, and IL-12 p40) and macrophage products (inducible nitric oxide synthase, i.e., iNOS and macrophage inflammatory protein-2, i.e., MIP-2), and MCP-1, were determined using RT-PCR on muscle tissue samples from the fracture site. The levels in MCP-1 and IL-12 p70-treated groups were compared with those of the control group (Group 1 in Table 1 ; Supplementary Materials).
Sample Size and Statistical Analysis
Sample size was determined using the JMP statistical software package (Cary, NC). The procedure employs an One animal died postoperatively.
Drugs in Nanocoating
LOCAL MCP-1 AND IL-12 FOR INFECTION PREVENTION algorithm based on the Noncentral F-distribution to determine the minimum sample size needed to detect, as significant, a specified difference among treatment groups. The power analysis was conducted specifying a significance level of 0.05 and a minimum power of 0.80, assuming a one-sided alternate hypothesis (decrease in infection rate of the treatment groups). Under these conditions, a minimum of 6 rats were required for each group; a total of 36 rats were used. Experimental data were expressed as mean AE SD. Statistical analysis was conducted using one-way ANOVA and compared to the control; p < 0.05 was considered significant. SPSS 11.0 software was used (Chicago, IL).
RESULTS
Preparation of MCP-1 and IL-12 p70 Multilayer Nanocoatings and Their Release Characteristics Electrostatic layer-by-layer self-assembly nanotechnology was applied to form multilayer coatings on K-wires. The technology was modified to facilitate the incorporation of MCP-1 and IL-12 p70 into the coatings by introducing bovine serum albumin as a carrier protein of MCP-1 and IL-12 p70 (Fig. 2) . The average thickness was 6 nm, and the coating was uniform. The nanocoating sustained the implantation process in the fracture model; 70%-95% of the nanocoating withstood the implantation process, based on thickness measurements before implantation and after explantation. A burst release occurred in the beginning, and almost all the MCP-1 and IL-12 p70 were released within 5 and 9 days, respectively (Fig. 3 ). MCP-1 had faster release kinetics than IL-12 p70.
Infection Evaluation
Local MCP-1 and IL-12 p70 applications had different impacts on prevention of open fracture-associated infection (Table 1 ). Compared to the control group (Group 1), MCP-1 treatments decreased infection; a relatively lower quantity of MCP-1 (Group 2 of 770 pg) decreased the infection rate from 90% to 67%, while a higher quantity (1,168 pg) of MCP-1 or a combination of MCP-1 and IL-12 p70 had less impact on preventing infection, with infection rates of 83% and 80%, respectively. IL-12 p70 alone (Group 5) had a more profound effect on infection prevention, decreasing the infection rate from 90% to 20%. Gross observations of callus formation and bone healing upon animal euthanasia showed that better healing was generally observed in groups with lower infection rates, and that rats treated with IL-12 p70 alone had the best callus formation.
No significant difference in weight change in rats before fracture and after sacrifice was found in Groups 1, 2, 3, and 4 (Fig. 4) . Group 5 had significant weight gain at postoperative day 21.
Systemic Responses and Macrophage Activation
No significant difference in MCP-1 or IL-12 p40 was observed in blood samples among the groups (Fig. 5) , and no obvious difference in the number of white blood cells in serum was found (Fig. 6a) . In contrast, the groups had different cell populations of lymphocytes, neutrophils, and monocytes (Fig. 6b) . The percentage of lymphocytes was not correlated to infection rates; instead, the rats treated with IL-12 p70 alone had a similar percentage of lymphocytes as the controls, and the groups treated with MCP-1 (Groups 2, 3, and 4) had lower percentages of lymphocytes compared to the control. Correspondingly, the rats treated with IL-12 p70 alone had a similar percentage of neutrophils at postoperative day 21 as the control group, and the groups treated with MCP-1 had a higher percentage of neutrophils compared to the controls. No significant difference in monocytes was observed among the groups. Figure 7 presents the macrophages and related macrophage activation at postoperative day 21. Macrophage percentages were not significantly different among the groups, while significantly higher activated macrophages were found in the IL-12 p70 alone-treated group (Group 5), compared to the control group (Group 1).
Gene Expression in the Muscle Tissues at the Fracture/Infection Site IFN-g, TNF-a, iNOS, MIP-2, and MCP-1 did not show any significant difference in expression among the groups at postoperative day 21 (Fig. 8) . However, compared to the control group (Group 1), the application of MCP-1 and IL-12 p70 increased the expression of 
DISCUSSION
Incidences of osteomyelitis caused by S. aureus have increased dramatically in the last decade. In the present study, we investigated the effects of local applications of MCP-1, which may play a key role in recruiting macrophages, in preventing S. aureus-induced infection in an open rat fracture model. MCP-1 showed some effect in reducing infection and changed the populations of white blood cells. Fewer lymphocytes and more neutrophils were observed in MCP-1-treated groups than in the controls and the group treated with IL-12 p70 alone (Fig. 6 ). In addition, the application of a relatively high amount of MCP-1 significantly increased the IL-12 p40 level in the tissue at the infection site, compared to control. No obvious difference in MCP-1 expression in muscle tissue was observed at postoperative day 21, probably because changes in secretion of MCP-1 occurred in the early stage; for instance, the expression of mRNA encoding MCP-1 was elevated in S. aureus-infected murine bone tissues in the first 48 h. 23 We also compared the effects of exogenous application of IL-12 p70, which may stimulate the activation of macrophages and enhance cell-mediated immune response with MCP-1 in preventing S. aureus-induced infection. IL-12 p70 alone played a significant role in infection prevention, while MCP-1 combined with IL-12 p70 was less effective, possibly because of the suppression of lymphocytes by MCP-1 (Fig. 6b) . The significant decrease in S. aureus infection by IL-12 p70 treatment alone was accompanied by weight gain (Fig. 4) . Different from MCP-1, IL-12 p70 mediates some of its physiological activities by acting as a potent inducer of IFN-g production by T and natural killer cells. One main target of IFN-g activity is stimulating the bactericidal activity of macrophages;
17 IFN-g-activated macrophages have increased ability to kill bacterial or protozoan pathogens. 24 In our study, IL-12 p70 application led to more activated macrophages, compared to the other groups (Fig. 7) . As a result, IL-12 p70 may be more effective in activating and building the body's natural defenses, thereby tuning the macrophages' activities toward favoring bacterial clearance and effectively preventing infections. The benefit of our approach may be that it enhances the body's natural response so that infection can be reduced and prevented without risk of offending bacteria developing resistance to the treatment.
Another important issue related to infection prevention in open fractures is healing, though the role of inflammation in tissue healing and repair is not fully understood. On the one hand, macrophages are believed to be the critical inflammatory cells required for wound healing, 25 and macrophage function in the early healing phase is important for effective wound debridement, angiogenesis, and collagen synthesis. 26 At therapeutic levels, agents that increase the number of macrophages within wounds could benefit nonhealing or poorly healing wounds, and the addition of macrophages, or macrophage-stimulating agents, could augment wound repair. 27 Local injection of activated macrophages significantly decreased the mortality of infected patients, 12 accelerated vascularization and tissue repair, and improved cardiac remodeling and function. 10 On the other hand, macrophages synthesize and release proinflammatory cytokines that may lead to tissue destruction. We did not observe severe tissue damage in MCP-1 or IL-12 p70-treated groups, compared to the control group. This may be consistent with our observation that among the groups, no differences in systemic levels of MCP-1 and IL-12 p40, and mRNA levels of TNF-a, IFN-g, MIP-2, iNOS, and MCP-1 in tissue were observed. Also, the group treated with IL-12 p70 alone had better healing (based on gross observation) and weight gain, which may be related to the higher activation of macrophages in the IL-12 alone-treated animals (Fig. 7) .
In the present study, MCP-1 and IL-12 p70 were released within 5 and 9 days, respectively. Such release characteristics of our nanocoating systems could be desirable because infection resistance is maximally suppressed during the first 10 days in major injuries, 18 and the macrophage numbers may not reach the maximum prior to postinjury day 7 in wound patients. 28 Meanwhile, the shortage of macrophages prior to, or during, the first 24 h of infection decreased animal survival dramatically, 9 suggesting that sufficient macrophage presence in the early stage of infection is critical for dictating the fate of the infection: either bacterial clearance or spreading from a local infection to a progressively invasive disease. Therefore, our nanocoating systems are ideal for delivering high concentrations of IL-12 p70 and MCP-1 within desired release periods (i.e., a few days).
Limitations of this study may include that the changes in blood cell populations, proinflammatory cytokines, as well as macrophage recruitment and activation at the early stage of infection and healing were not studied. In future studies, we will address the short-and long-term impacts of local cytokine applications.
In conclusion, local applications of cytokines (MCP-1, IL-12 p70) can be effective in preventing infection, and the use of cytokines may ultimately have therapeutic relevance to circumstances of impaired wound/fracture healing in which macrophage function is suboptimal.
